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Switching magnet for beam
destination to the MR

Beam transport line from

A N _ RCS to the MLF (3-NBT)
- :
o e Extraction
5.
7 Extraction section s beam dump
Iniecti : /(8 kw)
jection i /
beam dump || %
(4 kW) i _ R0\ to MLF
% Secondary collimators -
\._ T . llimat Sé Beam transport
X %/ ransverse primary collimator ? line from RCS to
s i the MR (3-508BT)
Primary stripper foil (1st foil) f /
Injection section
’ '/
LT /Y Longitudinal primary ‘/f
o Vcolllmator RF cavities ™"
% ) /
£ P
f , s

Beam transport line from
H beam Linac to the RCS (L-3BT)
from Linac

To reduce the SC effect longitudinal
painting (LP) and transverse painting
(TP) at injection are adopted.

€y, = 100 mm mrad in this work

RCS Beam power at present:
To MLF: 0.5 MW
To MR: ~0.8 MW-eqv.

P.K. Saha

1. Introduction of 3-GeV RCS

Parameter Value

Circumference [m] 348.333

Repetition [Hz] 25

Harmonic no, bunches 2,2

Protons/pulse (PPP) 8.33E13

Beam power [MW] 1
Injection Extraction

Energy [GeV] 0.4 3

f, [MHz] 0.614 0.84

Ap/p (99%) [%] 0.8 0.4

T, (bunch length) [m] 160 60

V. (synchrotron tune) 0.006 0.0005

V. V, (betatron tune) 6.45, 6.42 Variable

Ew Gy (Nat. chromaticity) -10, -7 Variable

B (Bunching factor) 0.47 0.21
Av, Av -0.3,-0.03 -0.05, -0.005

incoh? coh
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$sV:rarc Demonstration of 1 MW beam power

8.41 x 103 ppp : 1.01 MW-eq. e Successfully demonstrated

9ot acceleration of the designed
./ — oo
— 8_; ———— T 1 MW beam power.
= - 7.86 x 1013 ppp : 0.944 MW-eq. ]
S 7 . @ Beam loss at 1 MW: <0.2% and
RaTE 6.87 x 10%3 ppp : 0.825 MW-eq. .. .
o 6 ) — Only atinjection energy
3 5:r S0 0eseies 1 mostly due to the foil scattering.
~ 4.73 x 10%3 ppp : 0.568 MW-eq. | |
8 4 H ] — - -
o . 1 0.159
% 31 Experimental results: 13 7 /o
L ,li Circulating beam intensity | & 0.998 Simulation
i . o |
| measured by a CT | = Foilscat + SC
1 j 4 3 0996 | w/oFoilscat + SC
] /a0
% 2 4 6 8 10 12 14 16 18 20

0.994

Injection Time (mS) Extraction 0 2 4 6 8 10
Time [ms]

We have also established RCS parameters for
operation at the 1 MW beam power.
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esV:ernc  Impedance sources in the RCS

@ Acceleration of 1 MW power beam was not that much simple.

@® We had to do a lot of works to mitigate the beam instability caused by
the transverse Impedance of the extraction kicker magnets.

@® The Impedance sources in the machine were carefully addressed, but
unfortunately the KM impedance remained untouched.

Dipole Magnets Quadrupole Magnets

RCS Vacuum chambers types
and their parameters.

Q1 Q2 Q3

W [mner dia. | 377 | 207 | 257
: (mm)

Inner size (mm) | 187 x 245

Length (mm) 3500 L&eﬂgt)h 1500 | 1600 | 1300 | Titanium flanged alumina
Rl mm
Shape 15° bend ceramics vacuum chambers
Injection Magnets with RF shields were
developed.
Injection Courtesy: M. Kinsho

. . eam
Circulating Q-injection | Painting Bump Shift Bump

Beam (QIN) (PB) (SB)

Inner size(mm) Max. 500 350 x 250 460 x 270
Length(mm) 1500 770 1350 9
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Ceramics chamber - picture -

:
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Every stripes are jumped
7 over the joint area.

Capacitor =

Capacitance : 330 nF ; _
. | -

|

i\ /

TiN cating
Thickness : 15 nm
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v, Ceramic duct properties
OP _S-PRRC
Temperature measurement  -resul Impedance measurements - results -
=B
Low frequenc i
70:.... 50 |q Yy 5 H|gh|freq‘uency
[ o 40 | — 40 Re [0}
60 -" - -"""i o had : \E)-; 30 Re (ZL) (Q) % 30 (ZL) ( )
— [ - § 20 g 20
g [ g 10 B 10
ab} 50 i d g s¥po® 1¥p0’ 1.5%107  2FpC g 5 ” -a P e R e T o i
S ® ! 10 X108 i L 1 109
= | ° 5 10 15 20 1002 04 06 08
S 40 f(Hz) f (Hz)
e —&®— boundary (deg) i
g —@— s |eeve-max (deg) i 10 100
0 —.—ﬂggvg—(ggg)(deg) | — I I [ N [T | |
30 —e— roon deg) ] S s Im z) (Q) ——+ S 50— Mm@z, (Q)
8 —— 3 - .
| N -‘E » SRi  who! 18107 mp 5 2¥:;':-:;103 E¥LP SR LEf
P11} PP N S P T S 8 5 g
0 100 200 300 400 500 600 E g 0
o 10 X100 100 x10°
Time (minutes) 5 10 15 20 02 04 06 08 1

The temperature for dipole magnet was measured at various point
with ramping and at 25 Hz.
© The Eddy current heating of the Ti Sleeve and flange was not high.

The longitudinal impedance was measured by single wire method.
© The impedance at low frequency was very small.
© The impedance at higher frequency was also not so big.
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{;? I RCS Kicker Impedance

T orbit

X 10 of SNS
KM impedance!

The KM impedance is the most
significant beam instability

source in the RCS.

Beam instability occurs even at a
beam power exceeding 0.25 MW!

P.K. Saha Fermilab Workshop on MW rings
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Beam Instability simulations

and mitigation methods

B R&D studies to reduce the KM impedance are in progress,
but long way to go for realistic implementation.

B Theoretical works provide overview (threshold) of the beam
instability, but realistic strategy for the beam instability suppression
should be determined by detailed simulation studies.

B The space charge effect (SC) on the beam instability should
be considered seriously.

-- ORBIT 3D SC code is used. We should determine realistic
parameters to accomplish 1 MW beam power.

© We enhanced ORBIT by implementing all realistic time

dependent machine parameters:
Injection process, transverse & longitudinal injection paintings, error sources,
PSripples, . ... and also the KM impedance.

P.K. Saha Fermilab Workshop on MW rings 10



Space charge simulation results

The space charge force is controlled by the

choice of Einj., rf pattern and LP

Vi =
2sm{2((|) o.) + ¢2}62

V,sing +

vy 1
v

15 20

-0 004

Il’f 1“Hr dﬁrﬁ LP

0.75

0.5

A

(=]
[
Ln

ff2h +LP

Charge density (Arb. unit)

P.K.

3.14

Saha

Charge density (Arb. unit)

0 m m
3.14 0 3.
¢ (radians)

Einj: 0.181 GeV
TP= 100t mm mrad
PPP: 4.2E13 (0.5 MW)

rf: V, only 6.6 f: V +V,
=1 ms t=1ms v 42 4.2
6.4 =
- o E 4 iDualrf+LP — 4 0
6.2 ﬁ - 38 [\Single rf,no LP T3 15%
— E 36 3.6
5.8 = 34 - - 34
6 62 64 6. 58 6 62 64 66 E Simulation
" _Simulation (0.375 kw) g 32 32 {Measurement
t=4ms t=4ms 3 . . 3 . :
6.4 ] ] 10 15 20 i] ] 1o 15 20
/ - Time [ms] Time [ms]
6.2
. Av ~ —0.45 at inj. even with rf 2h + LP.
o5 Further increased by using rf 1h only.
©oRR e e R e 0% % %% Particles at v, =6 resonances increase.
0.5 ——— Emittance blowup beyond aperture
g 0.4 Single rf and no LP — and huge particle losses with rf 1h.
503 Measurement  well mitigated by using rf 2h + LP.
E 0.2
2 o1 Av=—-0.45 corresponds to1.25E14 ppp
0! ) (1.5 MW beam power) as Av < 1/3%y3
Time [ms] i
Fermilab Workshop on MW rings 11
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Kinetic cnergy [GeV)
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Beam instability up to 0.5 MW

T T 3
SX oac: 050 MW — .
AX ac: 044 MW

SN oac: 038 MW —
SX oac: 025 MW
S de: 050 MW

20

10

0

Simulation

Ejpy.: 0.181 GeV -0

-3

=10

Simulation

Eipj :

0.4 GeV

0 5 10
Time [ms]

15 20

0

3

10
Timge [ms]

Simulation

a0

15

20

SX ac: 050 MW —
S ac: 044 MW

SX ac: 038 MW —
SX ac: 025 MW
SX de: 050 MW

-M“.f'-:'w

Measurement Measurement
Ejp: 0.181 GeV 01 By 0.4 GeV
— 30 - -
0 5 16 15 20 0 5 11 L5
Time [ms] Time [ms]
Saha Measurement

20
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m Beam instability occurs even for a
beam power exceeding 0.25 MW
when the & is fully corrected for the
entire acc. cycle by SX ac fields.

m No instability occurs for § fully
corrected only at inj. by SX dc fields

Simulation results are well
reproduced in the measurements.

Beam instability occurs at relativistic energy.
-- Beam is stabilized by the SC at lower
energy.

The growth rate is higher for Einj. is higher.
--The Landau damping effect of the nonlinear
SC force is smaller for higher injection energy.

12
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éji'-ﬂr?n: Beam instability suppression by the SC

Dual rf + LP e

Single rf, no LP Einj. = 0.181 GeV, SX ac (& =0)

o 42 42 PPP:4.2E13 (0.5 MW)

= 4 4

2 s 28 Av/v,>>1 (strong space charge)

E 3.6 3.6

£ 54 4

E 32 || Simulation 3.2 | Measurement

ST e = o s, M Beam instability occurs when the

Time [ms] Time [ms] SC effect is reduced by applying dual

g 30 o PR harmonic rf vol nd also the LP.

Ee Simulation " Measurement armonic rf voltage and also the

2 10 0 B However, beam is stable when SC

% 0 o is stronger by omitting 2" harmonic

<o 210 f rf voltage and also the LP.

E =20t 220

= -30 -30

0 5 10 15 20 0 5 10 15 20
Time [ms] Time [ms]
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How about at lower beam intensity?
Beam power: 0.375 MW (3.1E13). E‘, = 0, Beam loss with rf 1h: 3%

T T T 3[] T T T 30 T T T
] i 'E' rf(V1+V2) l'f(V]+V2]
: E 2ot (Vyonly) ot (Vyonly)
_oost £ Ejpj.: 0.181 GeV Ejpi: 0.181 GeV
S g 1091 Simulation 101 Measurement
s Eyy;: 0181 GeV 2
= ) =
; 09 Measurement: 1f (V; only) ——— _'23
5 Simulation: rf (V; only) — se— =
=z 0.85 b Measurement: rf (V+V,)  s— §
Simulation: rf (V{+V,) = 5
Z 1 1 1 | | 1
08 ; ” > 20 0 5 10 15 20 0 5 10 15 20
;l\cce]eration fime [msj - Acceleration time [ms] Acceleration time [ms]
P.K. Saha et al., The Landau damping effect of the non-linear
PRAB 21, 024203 (2018) SC force becomes more effective to stabilize
the beam.
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“4a The ORBIT code takes indirect SC into account, which is

B S PRRC important to study the beam instability with SC.

Circular shape perfect conducting wall boundary is defined
with radius p = 0.145 m.

. 0.01 y y y 0.012 oo I oo m
Einj. =0.181 GeV, SX ac (& =0) ol B oo N p=0160m
0.375 MW, single rf om | oo E /‘\
= s 1
Av/v,>>1 %5 002 | 1 0.006 " £ m
— 20 . . . LIS \\«
= : : = (.18 -0.03 . 0.004 0.01 :
E 15 Simulation Ez[].lﬁ[]z 004 [‘Estimated Av g, | o002 e RN 000
2 10 p="0.145m ops LANDVE . o Betatron frequency spectra
k= - 0.375 MW o3 Tim;%m] 1520 at beam instability onset.
E_ -
= 0f
P B The beam tends to unstable and
= more destabilized as p is increased.
& -100 } PK. Saha et al.,
% .15 | PRAB 21, 024203 (2018) B The Landau damping effect
- - - - ” vanishes earlier as p is increased
Acceleration time [ms] so as the grOWth rates.
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o Beam Instability suppression at 1MW
beam power

At 1 MW beam power, the SC effect, especially at lower energy
should be sufficiently reduced to mitigate the beam losses.

- Wider Ap/p of the injected beam, apply LP and TP (100x mm mrad)
—> Choice of the betatron tunes, & correction, ......

However, reduction of the SC enhance the beam instability
at higher energy.

We consider following 3 measures:
(1) Manipulation of the betatron tune (v,) during acceleration.
(to avoid characteristics (resonances) of the KM impedance)

(2) Further reduction of the DC & correction.
(to enhance the Landau damping)

(3) Smaller Ap/p of the injected beam (should be <0.1% )

(same as (2) )

P.K. Saha Fermilab Workshop on MW rings 16



Suppression of Beam Instability

at IMW beam power

une no maniplulation I
Tune manipulation
0.75 MW: Simulation

SX dc x1

—
(=}

Simulation
Measurement

Tune no manipulation
Tune manipulation

5 H 0.75 MW: Measureme:

(9}

=70
Ap/p =0.08%

- Ap/p =0.18% _5

1
(%]

, Hori. beam position [mm]
(=)

: Simulation Measurement v, mani: None
0 5 10 15 20 10 10 ) ) ) 10 ¢ .
Acceleration time [ms] 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
o . Acceleration time [ms] Acceleration time [ms] Time [ms]
2 gﬁd:ﬁé — Even at 0.75 MW beam power:
all SX off B Beam instability w/o v, manipulation, but
Y v i . -
. g A proper v, manipulation stabilizes the beam.
1o | v A narrower Ap/p (inj. beam) gives no instability.
. 0 5 0 15 20 = V,ho mani (a) e -
Time [ms] F) v, mani (b) —
E | Ap/p=0.18% 5
However, at 1 MW, 5 | sX OFF
A partial ¢ correction is desired. 2 0 0
Growth rate further increases! 2 1MW q
Detail tune survey done. z Slrlnulgtlorll _{Measurement
- 0 5 100 15 ZE] 0 5 L0 15 20
P.K. Saha
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Simulation |SXdex1/4|  Measurement

PO e adsUrSm._
10 ‘- (b) ' 10 Ik (b)
(] [ 0r e
z 0] . . 101 .
E mIk (©) E0f @
, ~ 0 - - o
» = -10 | , = .10 f ,
7 ! i T
10 d 163 d
2 of @ 3 ()
E 0F | E 0F
| g -10 . . g -10 .
o =] T T o =] T
o s w0 15w o0 't (©) S ol (e
Acceleration time [ms] T e = of
S S
LE -]t] B I.E ']EJ B
T lﬂlk (f) = 10 (f)
o} s o}
0 | . , 0t , ,
mlll (2) | 0w (@ |
() o ~ap of
10 | . . 10 | . .
0 3 L0 15 20 0 5 L0 15 20
Acceleration time [ms] Acceleration time [ms]

© Choice of betatron tunes are very limited.

© Simulation results are well reproduced in the measurements.
P.K. Saha Fermilab Workshop on MW rings 18
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& dependence at 1 MW

P.K. Saha et al., PRAB 21, 024203 (2018) o
T U sxpoa —— ' U IsXpoa —— _E
E 15 ‘a.'-'{ [}{:.‘a-:t!..j s ‘ﬂ'{ [}{:.‘a-:t!._j E-
5
i 511 MW: Simulation 511 MW: Measurernent E
B0 e 0 gy Beam survival
%’ 5 5| E Simulation
% o b o b 3 2 § Measurement (DCCT)
. I c = | ni}
: | Simulation " Measurement N
T 5 10 15 w0 5 10 15 20 5 1) 15 20
Acceleration time [ms] Acceleration time [ms] Time []Tl!-]]
In addition to a proper betatron tune manipulation,
the & correction of 1/4 or less at injection and almost
no & correction at extraction were utilized to accomplish
1 MW beam power.
P.K. Saha 19
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o 7 Recent results

In the RCS, particular tune choice, smaller transverse painting and

SX dc X** are required for smaller beam emittance for the MR.

Beam instability occurs in this case.

Introduced extra g by SX bipolmar field.

= SX DC x0.6
B field —— = SX DC x0.6 +Bipolar 0.17
Sext Strength (DC) ——— =~ s} I
Chromaticity(DC) —— = i i
Sext Strength (DC+Pattern) «------ 2 | Slmu ation
Chromaticity (DC+Pattern) ——— 14 R P
~ 15t =
5 12 2 s
1 -10 =
o B 10
8 g 5 0 5 10 15 20
= S 10 Time [ms]
B 05 | PR SX DC x0.6
o £ = SX DC x0.6 +Bipolar 0.17
% ©) = 5t
- =
5 ol 4 £ Measurement
= 2 g o
M . =
: : : 0 g
0 5 10 15 20 = 5
Time [ms] E
10
0 5 10 15 20
Time [ms]
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eYranc Beyond 1 MW beam power

Horizontal bearm position [mim]

g

-20

In order to make sure 1 MW beam power to the MLF, even if MR
cycle is upgraded from 2.48s to ~1s and also when a 2" target
station at the MLF is constructed, RCS beam power upgrade is
planned to be 1.5 MW.

However, beam instability occurs even if £ is not corrected at all.

R&D studies to reduce the KM is in progress. The impedance can
be reduced by at least a half (Y. Shobuda, IPAC18).

W —1 | The given reduced impedance is used in
S the simulation.
| _ | Beam is stable up to 1.5 MW even if § is
| | fully corrected at injection by SX dc.
SX bipolar field for 20% extra & at the later
half cycle also stabilizes the beam.

0 5 L0 15 20
Acceleration time [ms]

P.K. Saha Fermilab Workshop on MW rings
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L
o Summary and outlook

B Transverse Impedance of the KM is a significant beam instability
source in J-PARC RCS.

M The ORBIT code was enhanced to cope with all time dependent
Parameters for realistic beam instability studies with SC.

The beam instability suppression by the SC has been studied in detail.

B A proper v, manipulation and minimal £ corrections were applied
to accomplish the designed 1 MW beam power successfully.
The simulation results are well reproduced in the measurements.

@® KM impedance restricts RCS flexible parameter choice for multi-user
operation. R&D studies to reduce the KM impedance are in progress.
@ We can achieve 1.5 MW beam power, if the KM impedance is
reduced by even a half.
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Horizontal tune, v,

RCS tune diagram and the operating point
at injection.
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Trigger system of the RCS

|
I C!mrge Trigger
start signal
signal =
| Control Panel I
Charge
start
signal

Charging Charging
jl:"— Unit
Trigger signal

Unit2
Power source == - ; . )
= = | |Trigger Driver1|| Trigger Driver2
= (MA2T09A)  [|(MA2T09A)

I

Magnet

I
I
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Conductors

FIG. 1.

wfate
Leieet el
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2% :
% .
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.t =
H
'
e
.
‘.i -
.
b || S

Shorted end

Matching
resistor

PFL

Thyratron
CX1193C

Load cable

Outline structure of the kicker system.

TABLE I. Specifications of the RCS kicker system.
Numbers 8 (Nos. 1-8)
Maximum repetition rate 25 Hz
Characteristic impedance 10 €

PFL
Load cable
High power switch
Maximum output current
Operation output current
Flattop length
Rise time
Jitter
Flatness

Maximum charging voltage
Operation charging voltage
Maximum exciting current

Operation exciting current

Magnet structure

Magnet core

Magnet gap height

Magnet gap width
Magnet longitudinal length
Magnetic field

Coaxial cable, about 102 m
Same as PFL, about 130 m
Thyratron CX1193C, e2V Litd.
4 kA
3 kA
840 ns for two beam bunches
25 ns (typical)

Less than 10 ns
6% without correction
2% with correction
80 kV
60 kV
8 kA
6 kA
Distributed parameter line
Ni-Zn ferrite PE14, TDK Ltd.
153 mm (S-type: No. 3, 4, 5)
173 mm (M-type: No. 2, 6)
199 mm (L-type: No. 1, 7, 8)
280 mm
638 mm
460 G (S-type)

410 G (M-type)

360 G (L-type)
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v,
VP S PARC Courtesy: Y. Shobuda (IPAC18, Vancouver)

» The characteristic of the present RCS kicker

Inputs for 130m coaxial cables ® The kicker magnet at the RCS has four terminals.
® Two are connected to Pulse Forming Line (PFL),
while the others are terminated by the short plates
The short plates generate a power saving benefit
by doubling the excitation current

brposing the forward and backward
curre when a beam is extracted from the RCS.
10m)

Horizontal impedance at 8=0.55
20Q(1 00 (130m) a5
= { B ' ' '

= b~ = :
~_ | 2ol
| : “ 100
iode v [ kicker - i ,
PFL E asg o -
G L b= OB I
Short plates thyratron IR
| .; | , 4L 1
5
f[MHz]

® On the other hand, the short plates create tﬂe resonance structure in
the kicker impedance in combination with the coaxial cables.

P.K. Saha Fermilab Workshop on MW rings 25



L
¥,
)
VP /PR Courtesy: Y. Shobuda (IPAC18, Vancouver)

> A new scheme to reduce the kicker impedance
€ In order to reduce the impedance, one possible solution is inserting a
resistor between the coaxial cable and PFN.

the pulse currdgt the PFN.
®From a mechanics N of view, the easiest way is to insert a diode in

front of the resistor. Modified
2002(110m)
present

2002(110m) 200(130m)
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